Objective. We implemented a stepwise antimicrobial stewardship program (ASP). This study evaluated the effect of each intervention and the overall economic impact on carbapenem (CAR) use.
INTRODUCTION
Carbapenem-resistant Enterobacteriaceae and other carbapenemresistant bacteria exhibiting antimicrobial resistance (AMR) have become a global concern in recent years, and the implementation of AMR control measures has become an urgent task for medical institutions. Studies have found that the development of antimicrobial stewardship programs (ASPs) [1] and proactive clinician support by antimicrobial stewardship teams (ASTs) have decreased the unnecessary use of broad-spectrum antibiotics and reduced medical costs, with no negative effect on the outcomes of infectious diseases (ID) (and sometimes even improving these outcomes) [2, 3] . At our hospital, which is a tertiary acutecare hospital, we implemented a stepwise ASP for patients administrating carbapenem (CAR) antibiotics, supervised by a team led by ID physicians and pharmacists. In this ASP, we implemented postprescription review and feedback (PPRF) as the effect of the conventional ASP plateaued. Prospective review and feedback [4] and PPRF [5] [6] [7] [8] have been reported widely as important ASP strategies. However, most of the research was reported from the United States or from European countries; there have been few studies of the effectiveness of ASPs at the facility level in other geographic areas. To promote ASP globally, it is important to report the effect of ASP from multiple areas, especially Asia [9] . Thus, we carried out a retrospective study to determine the impact of the ASP in our hospital in Japan.
METHODS

Setting
The study was done at the National Center for Global Health and Medicine (NCGM) Hospital in Tokyo, Japan. The hospital is an acute hospital responsible for tertiary care, with 781 beds in 43 clinical departments. These departments include a department of infectious diseases, staffed by 10 ID physicians, and 8 nonspecialist doctors. Five pharmacists are involved directly with the ASP. The work of the AST is rotated among the doctors in the department and the ASP pharmacists. Since April 2018, 2 ID physicians, 2 pharmacists, 2 clinical laboratory technicians, and 1 infection control nurse have served as the core members of the AST.
Study Design
This study was a single-institution retrospective before-andafter study that was carried out over a 93-month period from September 2010 to May 2018.
Antimicrobial Stewardship Program Interventions
The program was implemented in 3 phases: Before the ID intervention was introduced, the Infection Control Team (ICT) monitored antimicrobial use density on a weekly or monthly basis without intervening. At the start of the program, 4 CAR antibiotics (imipenem/cilastatin, meropenem, panipenem/ betamipron, and doripenem), were available in our hospital. In April 2010, the hospital established a general ID course to train ID physicians and introduced an ID consultation service. The ID consultations were provided by 5 ID physicians. In June 2012, 2 of the 4 CAR antibiotics, panipenem/betamipron and imipenem/cilastatin were removed from the hospital formulary and imipenem/cilastatin use was permitted only when all alternatives were unavailable. Less frequently used 2 of the 4 carbapenems, panipenem/betamipron and imipenem/cilastatin were removed from hospital formulary because of similar potency as meropenem or doripenem. (4) whether CAR was used for more than 2 weeks. The ICT doctors tabulated these 4 parameters and used them to provide weekly feedback to clinical departments, using the e-mail system linked to the electronic medical records. The content of the e-mail was informed to the prescriber by the head of the department. From June 2014, the ICT doctors also started providing feedback to clinical departments by e-mail on the number of cases of carbapenemase-producing Enterobacteriaceae (CPE) and carbapenem-resistant Pseudomonas aeruginosa (CRPA) infection detected each week to raise the awareness of the appropriate use of CAR. These reports were monitored by clinical laboratory technicians. In September 2014, a notification system was introduced whereby a clinician starting a patient on CAR was required to notify the ICT. During this period, the ICT did not engage clinicians directly in its interventions. Another study using the Verigene system, which evaluated the impact of rapid identification of positive blood cultures on antibiotic prescriptions, was performed during this period [10] . The AST intervention, which was launched in June 2016, comprised PPRF. From June 2016 to April 2017, AST pharmacists identified patients who had been taking CAR continuously for at least 21 days, and the pharmacists telephoned the clinician concerned to discuss the CAR treatment strategy. From April 2017, an AST doctor carried out a review of each patient for whom CAR was prescribed, and if doctors considered that the information from medical records was not enough to make a decision regarding the necessity of CAR use, a member of the AST directly examined the patient. If such an examination was performed, an AST doctor telephoned the clinician concerned and made a note in the patient's medical record suggesting either the continuation of CAR use, phasing it out, or discontinuation. The appropriateness of the treatment was decided based on the results of culture, course of the treatment, and duration of treatment. If the clinician's opinion on CAR use differed from the recommendation of the AST, this was discussed, and the final decision was left to the discretion of the clinician. The decision of the necessity of direct examinations may vary because AST doctors rotate every 3 months during Phase 3. From May 2017, the intervention was expanded to include all patients who had been taking CAR continuously for at least 7 days. From April 2018, the intervention was expanded again to include all patients who had been taking CAR continuously for at least 3 days. The intervention team comprised an AST ID physician, a nonspecialist doctor, and a pharmacist. During this period, the Japanese national action plan on antimicrobial resistance developed in April 2016 as a governmental policy on antimicrobial resistance.
Outcomes
Primary outcome
The primary outcome measure of this study was the change in CAR-DOT, expressed as DOT per 100 patient-days per month.
Secondary outcomes
Days of therapy for antipseudomonal agents other than CAR.
The secondary outcome measure of this study was the total DOT per month per 100 patient-days of 3 antipseudomonal agents: CAR, piperacillin/tazobactam (PIPC/TAZ), and cefepime (CFPM), because these antibiotics are regarded as broad-spectrum, similar to CAR. This parameter was calculated to check whether CAR was simply being replaced with other broad-spectrum antipseudomonal agents. The total DOT per month per 100 patient-days of other antipseudomonal agents, such as piperacillin, ceftazidime, aztreonam, aminoglycosides, and fluoroquinolones, also were calculated.
Incidence of resistant bacteria detections, Clostridioides difficille infections, and candidaemia.
We measured the incidence of antibiotic-resistant bacteria detections and Clostridioides difficile infection (CDI) per 1000 patientdays between April 2012 and May 2018, the period for which data were available, as an indicator of the outcome of the ASP. Carbapenemase-producing Enterobacteriaceae was defined as a gram-negative Enterobacteriaceae-producing carbapenemase regardless of genotype. Carbapenem-resistant Pseudomonas aeruginosa was defined as Pseudomonas aeruginosa that was resistant to CAR and either aminoglycoside or fluoroquinolone in Clinical and Laboratory Standards Institute's standard antimicrobial susceptibility tests, regardless of whether carbapenemase was produced. Clostridioides difficile infection was defined as the number of patients with positivity of CD toxin. We also included the incidence of candidaemia, which was previously reported to be associated with CAR use in low-birthweight neonates [11] . Samples collected within 48 hours of admission were excluded. In order to exclude duplicates, only the first sample was considered if the same strain was detected from the same patient more than once. There were no major changes in infection control policy in the hospital during this period.
Cost of CAR.
We evaluated the cost of purchasing CAR each year from 2012 to 2017 in order to assess the economic impact of the ASP. As the costs were calculated annually according to the Japanese fiscal year (from April to March), we compared the costs in units of a fiscal year (ie, 2012 for Phase 1, 2015 for Phase 2, and 2017 for Phase 3). We calculated the actual cost of purchasing CAR (taking into consideration the cost of switching from branded to generics and fluctuations in drug prices) and the adjusted cost of purchasing CAR on the basis of the price of branded CAR in April 2012.
Statistical Analysis
To demonstrate the effect of each intervention on CAR-DOT and DOT with 3 antipseudomonal agents, we carried out segmented regression analysis of interrupted time series studies [12] 
Ethical Considerations
This study was approved by the Institutional Review Board of the NCGM (approval number: NCGM-G-003220-00). The CAR-DOT decreased significantly immediately after the start of Phase 2, but a major decrease was not observed during this period. Although the immediate change was not apparent after Phase 3 started, CAR-DOT decreased significantly over this period. During the Phase 3, the median CAR-DOT was 2.78 days per 100 patient-days (IQR, 2.22-3.52). Although the immediate change was not apparent after the Phase 3 started, CAR-DOT decreased significantly over this period (slope changed from 0.06 to -0.10, P < .001). Figure 2 shows changes in the monthly DOT of 3 antipseudomonal agents (CAR, PIPC/TAZ, and CFPM), according to Figure 1 . The median DOT was 9.99 days per 100 patient-days (IQR, 9.01-10.50) during Phase 1 and 8.09 days per 100 patient-days (IQR, 7.60-8.68) during Phase 2. Although there was a statistically significant decrease in the monthly DOT immediately after the start of Phase 2 (P = .003), the monthly DOT increased overall (change of slope from -0.05 to 0.07, P = .10). The median DOT during Phase 3 was 7.86 days per 100 patient-days (IQR, 7.15-8.82). Although no change was evident immediately after the beginning of Phase 3 (P = .14), the DOT decreased significantly over this period (change of slope from 0.07 to -0.12, P < .001). Although DOT of other antipseudomonal agents, such as piperacillin, ceftazidime, aztreonam, aminoglycosides, and fluoroquinolones, also were calculated, the DOT of these antibiotics did not increase followed by the decrease in CAR use (Supplementary Figure 1) . Table 1 shows the incidence of CPE, CRPA infection, candidaemia, and CDI. The tests for trend found no significant decrease in the incidence of CPE (P = .26)), CRPA (P = .53), or candidaemia (P = .48) from Phase 1 to Phase 3, but it did show that the incidence of CDI decreased significantly during this period (P = .01). Table 2 shows the actual and adjusted CAR purchase costs for each year. 
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DISCUSSION
In this study, we evaluated the effects of a phased intervention on long ASP and demonstrated the effectiveness of PPRF as an ASP for CAR. A well-organized education system of infection control and prevention for doctors is not established in Japan, and the knowledge of its necessity is not prevalent among clinicians. Therefore, solid ASP (eg, PPRF) has not been established nationwide. Results in our study are consistent with previous reports from Japan and elsewhere of the efficacy of PPRF [2, 7] . However, our study demonstrated that the effectiveness of stewardship by infection control consultation (Phase 1) or monitoring (Phase 2) alone eventually wears off and that the addition of PPRF (Phase 3), based on ID consultation provided by a dedicated AST, further increased the effectiveness of the ASP. During Phase 1, ID physicians optimized the antibiotic selection for individual patients at the request of the patients' clinicians. However, this intervention had no effect on the prescribing behavior of those clinicians who did not request an ID No change was evident immediately after the beginning of Phase 3 (P = .14), and days of 3 antipseudomonal agents therapy decreased significantly over this period (change of slope from 0.07 to -0.12, P < .001). Days of carbapenem therapy started to decrease immediately after the start of Phase 2 (P = .005), but the major decrease was not observed during this period (change of slope from -0.06 to 0.06, P < .01). Although no change was evident immediately after the Phase 3 started (P = .06), days of carbapenem therapy decreased significantly over this period (change of slope from 0.06 to -0.10, P < .001).
consultation; thus, its effectiveness eventually plateaued. There was no major change in CAR-DOT during Phase 2, but the DOT with the 3 antipseudomonal agents increased. This phenomenon was caused by clinicians simply replacing CAR with other broad-spectrum antibiotics without reducing their prescription of broad-spectrum antibiotics. However, PPRF, implemented in Phase 3, is a direct intervention targeting clinicians' CAR use, which engages all clinicians who use CAR irrespective of whether they request a consultation. Thus, PPRF is likely to have changed the prescribing behavior of a larger number of clinicians. In this study, the incidence of CPE, CRPA, and candidaemia did not decrease, despite the large reduction in CAR-DOT. The incidence of these infections may have been affected by factors other than antibiotic use, such as the use of indwelling devices and previous invasive procedures [13] [14] [15] . This explains why the incidence of these infections did not decrease as a result of the ASP, which only targeted CAR. However, the incidence of CDI decreased. During the study period, antibiotics associated with the occurrence of CDI other than CAR were not decreased, except for fluoroquinolones, and the DOT of fluoroquinolones was relatively small compared to that of CARs (Supplementary Figure 2) . Moreover, there was no major change in the infection control policy during the study period. Thus, the decrease in CAR-DOT may have led to the decreased incidence of CDI. The occurrence of CDI is likely to be more directly affected by CAR selection pressure than that of resistant bacteria and candidaemia. However, it is not possible to assess whether the decrease in the incidence of CDI decreased as a result of the ASP interventions, and this needs further investigation.
The decrease in CAR-DOT during Phase 1 and Phase 3 led to a large reduction in purchase costs. Even after correcting for factors, including switching to generics and changes in drug prices, this cost still decreased by a large amount, indicating that the decrease in CAR use, which is attributable to the ASP, had a major effect on hospital costs. Presenting the effects of ASP as a specific outcome is important for justifying the presence of an AST and for enhancing their credibility, enabling them to carry out further activities.
This study had several limitations. First, this ASP was implemented as a part of hospital quality improvement, not for clinical research. Thus, we could not remove various cofactors, such as the quality of infection control and prevention, other clinical research, staff turn-over, and other undocumented factors. In addition, the study design was a single-arm interrupted time series analysis; therefore, we could not assure the plausibility of the effect of interventions or the causal relationship between ASP and various outcomes. Second, we did not assess changes in the characteristics of patients taking CAR or the association between the content of PPRF interventions and patient outcomes. Third, it may not be possible for PPRF to achieve the same effect if hospitals do not have the resources for ID physicians and pharmacists to conduct PPRF together on a daily basis. Thus, hospital size and human resources limit the generalizability of this intervention. Finally, although this study suggests that PPRF may lead to further antibiotic cost savings, further studies are required to evaluate the costs of staff, time, and facilities required for ASPs, as well as those associated with patient outcomes. Nevertheless, prioritizing PPRFs focused on particular antibiotics, like the PPRF for CAR practiced in our hospital, may be a good strategy within an existing ASP [1, 4] .
Our results in this study showed that an ASP consisting solely of monitoring the use of CAR and providing e-mail feedback had a transient effect and that their effectiveness eventually plateaued. ASPs that do not directly engage clinicians may cause The actual cost includes the cost of switching to generic drugs and takes changing drug prices into account.
The adjusted cost is calculated based on the drug price in April 2012.
simple replacement with other broad-spectrum antimicrobial agents. AMR to other antimicrobial agents increases if clinicians substitute CAR with other antibiotics without changing their prescribing practices. However, our study showed that the addition of PPRF based on ID consultations by an AST and led by ID physicians and pharmacists may decrease CAR use without triggering increases in the use of other antimicrobial agents.
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